Stimulation of mitochondrial activity and alterations of cancer cell characteristic adenosine-5′-triphosphate (ATP) generation pathways can be an efficient method in anticancer therapeutic strategy.^[@ref1]−[@ref6]^ The small molecule mitochondrial kinase inhibitor dichloroacetate (DCA) has the potential to become a major player in the field of cancer chemotherapy.^[@ref7]−[@ref10]^ By utilizing the metabolic switch, DCA reverses cancer cell abnormal metabolism from aerobic glycolysis to glucose oxidation by reducing the activity of mitochondrial pyruvate dehydrogenase kinase 1 (PDK1),^[@ref11]^ which negatively regulates pyruvate dehydrogenase (PDH) causing pyruvate to convert to acetyl-CoA, promoting oxidative phosphorylation (OXPHOS).^[@ref7]^ DCA reduces high mitochondrial membrane potential (Δψ~m~) and increases mitochondrial reactive oxygen species (ROS) in malignant but not in normal cells.^[@ref7]^

Therapeutically prohibitive high DCA doses are needed for tumor growth suppression due to the lack of effective cellular uptake^[@ref12]^ and its localization inside the target organelle, the mitochondria of cells. There are limited efforts for direct use of DCA in cancer patients due to the fact that finding funding for clinical trials is a challenge since DCA is a generic drug for lactic acidosis.^[@ref10]^ In physiological conditions, orally or intravenously administered DCA is ionized and cannot pass through the plasma membrane by passive diffusion. We raised two questions: how to introduce physiologically relevant DCA doses into cancer cells and how to engineer the anionic form of DCA to partition across the inner mitochondrial membrane (IMM) and the negative Δψ~m~ that exists across this membrane into the matrix to access PDK1? Like other mitochondria acting therapeutics, DCA encounters tremendous barriers in its navigation to enter the mitochondria. Since the monocarboxylate transporters that are linked to DCA cellular entry are electroneutral in most cells including tumor,^[@ref13]^ we questioned the ability of these transporters to accumulate anionic DCA in tumor. Moreover, for mitochondrial uptake, DCA competes with pyruvate for its entry *via* the mitochondrial pyruvate transporter. Recent studies identified that sodium-coupled monocarboxylate transporter or solute carrier family-5 member-8 would accept DCA as a substrate.^[@ref14],[@ref15]^ However, this transporter is expressed in normal cells, but expression is silenced in tumor cells.^[@ref16],[@ref17]^ Lactate is the most abundant product of highly glycolytic tumors and high levels of extracellular lactate cause blocking of monocyte differentiation to dendritic cells (DCs), significant inhibition of cytokine release from DCs and cytotoxic T lymphocytes, inhibition of monocyte migration, and reduction of cytotoxic T-cell function.^[@ref18]^ Inhibition of cancer cell glycolysis using DCA has the potential to overcome the immune suppressive nature of a glycolytic tumor; however, it needs very high DCA doses. We hypothesized that DCA needs to be engineered for efficient cellular and mitochondrial uptake to show efficient glycolytic inhibition, to exhibit anticancer activity, and to enhance the effects of antitumor immunity at pharmacologically relevant doses.

Taking advantage of the higher Δψ~m~ of cancer cells, we investigated a means to circumvent the low efficacy of DCA by targeted delivery using a lipophilic triphenylphosphonium (TPP) cation, which equilibrates across the membranes in a Nernstian fashion and accumulates into the mitochondrial matrix (Figure [1](#fig1){ref-type="fig"}).^[@ref19]−[@ref24]^ Here, we report a technology for construction of a mitochondria targeted DCA analogue, Mito-DCA, by incorporating a TPP moiety and its ability to selectively alter cancer cell metabolism (Figure [1](#fig1){ref-type="fig"}A).

![(A) Design of Mito-DCA and its possible mechanism of action. (B) Synthesis of mitochondria-targeted DCA analogues. (C) ORTEP diagram of Mito-DCA with 50% thermal ellipsoids.](cb-2013-00944y_0002){#fig1}

Results and Discussion {#sec2}
======================

Design and Construction of Mito-DCA {#sec2.1}
-----------------------------------

Major challenges in designing chemistries to incorporate drug molecules and targeting moieties include compatibility of the carrier and the drug, carrier induced immunogenic responses, unbalanced increase in lipophilicity, stability and activity of the drug, and the number of available attachment sites for drug conjugation. With such issues in mind, we designed Mito-DCA (Figure [1](#fig1){ref-type="fig"}A). DCA mediated inactivation of PDK1 kinase activity requires DCA to be bound with the N-terminal helix bundle of PDK.^[@ref25]^ Such a binding causes local conformational changes in PDK1, which communicate to both nucleotide and lipoyl-binding pockets, leading to inhibition of kinase activity. In Mito-DCA, the mitochondria targeting TPP cation was introduced *via* a comparatively stable amide linkage, and multiple DCA molecules were incorporated *via* tris(hydroxymethyl)aminomethane (Tris)^[@ref26]^ using esterase-labile ester bonds. We hypothesized that this design would allow release of DCA molecules in an esterase-dependent manner under physiological conditions for effective PDK1 binding without having any steric encumbrance from the bulky TPP moiety. The use of comparatively stable amide linkage for TPP conjugation will allow Mito-DCA to navigate into the mitochondria (Figure [1](#fig1){ref-type="fig"}A). The difference between plasma membrane potential and Δψ~m~ will allow Mito-DCA to be concentrated within mitochondria with respect to the cytosol at a much faster rate before it can undergo any premature hydrolysis by the esterases present in the cytosol.^[@ref27]^ To construct Mito-DCA, TPP-Tris-(OH)~3~ was synthesized by reacting (5-carboxypentyl)triphenylphosphonium bromide (Figures S1 and S2 in the [Supporting Information](#notes-1){ref-type="notes"}) with Tris in the presence of *N*-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), a highly specific reagent that enables coupling of an amine with a carboxyl group in the presence of a hydroxyl functionality (Figure [1](#fig1){ref-type="fig"}B, Figures S3 and S4 in the [Supporting Information](#notes-1){ref-type="notes"}). The hydroxyl groups from TPP-Tris-(OH)~3~ were coupled with DCA-anhydride to give Mito-DCA. Formation of Mito-DCA was confirmed by spectroscopic and analytical methods (Figures S5, S6 in the [Supporting Information](#notes-1){ref-type="notes"}). The structure was confirmed by X-ray crystallographic analysis (Figure [1](#fig1){ref-type="fig"}C). Details of the structure are available in Tables S1 and S2 and Figure S7 in the [Supporting Information](#notes-1){ref-type="notes"}. A chromatographic analysis on Mito-DCA showed a single peak, confirming the purity (Figure S8 in the [Supporting Information](#notes-1){ref-type="notes"}). These characterizations indicated that Mito-DCA has the proposed structure (Figure [1](#fig1){ref-type="fig"}). Low concentration of delocalized lipophilic TPP cation is sufficient for localization to the mitochondria, but at elevated concentrations, such a cation induces mitochondrial membrane disruption.^[@ref28]^ The present design strategy allowed for loading of three DCA molecules per TPP in Mito-DCA, enabling us to deliver higher DCA dose using low TPP concentration to avoid such disruption. To probe that delivering multiple DCA molecules using a single TPP moiety can be beneficial, we synthesized TPP-DCA with one DCA per TPP (Figure [1](#fig1){ref-type="fig"}B, Figures S11 and S12 in the [Supporting Information](#notes-1){ref-type="notes"}). Solubility of Mito-DCA in water was checked by preparing different concentrations of Mito-DCA ranging from 2 μM to 5 mM in 0.1--2.5% dimethylsulfoxide (DMSO)-phosphate buffered saline (PBS) (Figure S13 in the [Supporting Information](#notes-1){ref-type="notes"}). At all concentrations, solutions were transparent and no precipitation was observed. Solubility of Mito-DCA was far higher than that of DCA in an organic solvent, showing its lipophilicity for mitochondrial uptake. It is essential that Mito-DCA releases active DCA under physiological conditions so as to obtain maximum PDK1 binding, and substituents left on DCA could significantly lower its PDK1 binding due to steric hindrance. Mito-DCA was incubated in PBS solution (pH 7.4) in order to check the release of DCA. The ester bonds in Mito-DCA were cleaved sequentially to release all three DCA molecules without disrupting the amide linkage (Figure S14 in the [Supporting Information](#notes-1){ref-type="notes"}).

Mitochondrial Membrane Potential and Mito-DCA {#sec2.2}
---------------------------------------------

We next investigated the effect of Mito-DCA on cancer cell Δψ~m~ using a cationic dye, 5,5**′**,6,6**′**-tetrachloro-1,1**′**,3,3′-tetraethylbenzimidazolylcarbocyanine iodide or JC-1, that exhibits potential-dependent accumulation in the mitochondria accompanied by a fluorescence emission shift from green to red due to the concentration-dependent formation of red fluorescent 'J-aggregates'. Mitochondrial depolarization is indicated by an increase in the green/red fluorescence intensity ratio. Live cell imaging of PC3 cells treated with Na-DCA (150 μM), TPP-DCA (150 μM), or Mito-DCA (50 μM) for 6 h at 37 °C, followed by staining with JC-1, and a comparative analysis of JC-1 green/red fluorescence ratio in response to these three DCA analogues are represented in Figure [2](#fig2){ref-type="fig"}A. Quantitative analysis of JC-1-stained PC3 cells revealed a significant decrease in the red (high Δψ~m~) to green (low Δψ~m~) ratio in Mito-DCA (green:red, 3.96 ± 0.96) treated cells compared with control cells (green:red, 0.24 ± 0.03) or the cells that were treated with Na-DCA (green:red, 0.24 ± 0.02) at an equivalent DCA concentration. TPP-DCA showed a green:red ratio of 0.49 ± 0.09, which was significantly lower than the ratio given by Mito-DCA. Treatment of PC3 cells with TPP-Tris-(OH)~3~ (50 μM) for 6 h at 37 °C did not show any changes in Δψ~m~ (Figure S15 in the [Supporting Information](#notes-1){ref-type="notes"}). As a positive control of Δψ~m~ collapse, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) was used, which indicated mitochondrial depolarization in PC3 cells compared to untreated control cells (Figure S15 in the [Supporting Information](#notes-1){ref-type="notes"}). As mentioned above, depending on the Δψ~m~, JC-1 accumulates selectively within intact mitochondria to form J-aggregates emitting fluorescence light at 585 nm, and the J-monomer emits at 530 nm upon excitation with 488 nm light. Thus, we also carried out a quantitative analysis of mitochondrial functions of cells treated with Mito-DCA, TPP-DCA, Na-DCA, and TPP-Tris-(OH)~3~ under the same set of conditions as mentioned above in the presence of JC-1 using fluorescence activated cell sorting (FACS) with green fluorescence in channel 1 (FL1) and orange emission in channel 2 (FL2) (Figure [2](#fig2){ref-type="fig"}B). Mito-DCA treatment of PC3 cells resulted in increase in the numbers of green-fluorescence-positive cells as shown in the lower right quadrant of the FACS histogram (96%). Under the same conditions, TPP-Tris-(OH)~3~ or Na-DCA did not show green-fluorescence-positive populations. The number of green-fluorescence-positive cells (58%) in TPP-DCA was fewer compared to Mito-DCA. Collectively, these studies indicated the ability of Mito-DCA to cause reduction in Δψ~m~ in a highly glycolytic PC3 cells at a low concentration of 50 μM due to the incorporation of mitochondria targeting moiety and loading of multiple DCA units in a single molecule. We investigated whether DCA released from Mito-DCA can restore the hyperpolarization of PC3 cells by carrying out a tetramethyl rhodamine methyl ester (TMRM) assay. In general, cancer cells have significantly more hyperpolarized Δψ~m~ and therefore control PC3 cells exhibited increased fluorescence of the Δψ~m~-sensitive positive TMRM. Treatment of PC3 cells with Mito-DCA for 6 h reversed the hyperpolarization; in contrast, Na-DCA, TPP-DCA, and TPP-Tris-(OH)~3~ did not alter the Δψ~m~ of the PC3 cells (Figure S16 in the [Supporting Information](#notes-1){ref-type="notes"}).

![Changes in the Δψ~m~ by JC-1 assay. Treatment of PC3 cells with Mito-DCA dramatically caused the collapse of Δψ~m~ in these cells compared to Na-DCA or TPP-DCA. Cells were stained with JC-1. Green fluorescence, depolarized mitochondria (J-monomer); red fluorescence, hyperpolarized (J-aggregates). (A) The shift in Δψ~m~ observed by disappearance of red-orange-stained mitochondria (large negative Δψ~m~) and an increase in fluorescent green-stained mitochondria (loss of Δψ~m~) by Mito-DCA is higher compared to that observed by TPP-DCA or Na-DCA as determined by confocal microscopy. The JC-1 green/red ratio results from the mitochondria in all four groups are shown at the right. (B) PC3 cells treated under the same conditions as mentioned above were analyzed on a flow cytometer.](cb-2013-00944y_0003){#fig2}

Mito-DCA is More Effective in Highly Glycolytic Cancer Cells {#sec2.3}
------------------------------------------------------------

Amplified glucose consumption and energy production from glycolysis are basic characteristics of most malignant cells; however, prostate cancer (PCa) cells have unique metabolic characteristics. Glycolytic profiles in androgen-dependent and androgen-independent PCa stages are not well understood.^[@ref29]^ The metabolic switching ability of Mito-DCA was studied on different PCa cell types. We used androgen-responsive LNCaP and androgen-nonresponsive PC3 and DU145 PCa cells. LNCaP cells have a significantly greater oxygen consumption and lower rate of lactate production compared to PC3 cells.^[@ref30]^ Mesenchymal precursor cells are believed to be the origin for various types of sarcoma, and the transformation of these stem cells is a prerequisite for the development of most human malignancies.^[@ref31]^ We therefore used human mesenchymal stem cells (MSCs) as controls to examine the toxicity profile of Mito-DCA on normal cells. Representative cell viability profiles for PC3, DU145, LNCaP, and MSC cells after treatment with various concentrations of Mito-DCA, TPP-DCA, and Na-DCA for 72 h are shown in Figure [3](#fig3){ref-type="fig"}A. The cytotoxicity profiles of TPP-Tris-(OH)~3~, the carrier for targeted delivery of DCA to the mitochondria of cells shown in Figure S17 in the [Supporting Information](#notes-1){ref-type="notes"}, demonstrated nontoxic behavior of the carrier in PCa and MSC cells even at millimolar concentrations. Results indicated that Na-DCA is less active in all three PCa cell lines irrespective of their glycolytic states with IC~50~ values in the range of 20--40 mM in highly glycolytic PC3 and DU145 cells to \>50 mM in less glycolytic LNCaP cells \[IC~50~(PC3): 23 ± 6 mM; IC~50~(DU145): 41 ± 9 mM; IC~50~(LNCaP): 51 ± 17 mM\], and no toxicity was observed in MSC cells. In contrast, when multiple DCA molecules were delivered directly to the mitochondria using a single TPP moiety in the form of Mito-DCA, a remarkable increase in cytotoxicity in all three PCa cell lines was observed. Mito-DCA with an IC~50~ value of 17 ± 1 μM in highly glycolytic PC3 cells was found to be 3 orders of magnitude more active compared to Na-DCA. Similar trends were observed in DU145 (IC~50~: 42 ± 2 μM) and LNCaP (IC~50~: 30 ± 6 μM) cells; Mito-DCA showed 3 orders of magnitude more activity than Na-DCA. TPP-DCA \[IC~50~(PC3): 68 ± 11 μM; IC~50~(DU145): 468 ± 49 μM; IC~50~(LNCaP): 302 ± 37 μM\] in PC3 cells was ∼4 times and in LNCaP and DU145 cells ∼10 times less active than Mito-DCA. In MSCs, both Mito-DCA and TPP-DCA did not show any toxic effects at these concentrations, demonstrating their unique cancer cell selectivity.

![(A) Highly glycolytic PC3 and DU145 cells respond differently to Mito-DCA compared to less glycolytic LNCaP cells; Mito-DCA, TPP-DCA, and Na-DCA have no toxicity in MSC cells. Cells on 96-well plates were treated with varied concentrations of Mito-DCA, TPP-DCA, and Na-DCA for 72 h and viability was assessed by the MTT assay. A representative experimental data are shown in the figure and the IC~50~ values were calculated from three independent experiments. (B) FACS analysis using Annexin V-Alexa Fluor/PI staining for apoptosis detection in MSC and PC3 cells on treatment with Mito-DCA, TPP-DCA, and Na-DCA for 12 h. Cells in the lower right quadrant indicate Annexin V-positive/PI negative, early apoptotic cells. The cells in the upper right quadrant indicate Annexin V-positive/PI positive, late apoptotic or necrotic cells.](cb-2013-00944y_0004){#fig3}

In order to determine whether the enhanced activity of Mito-DCA was due to apoptosis or necrosis, we carried out an Alexa Fluor 488-Annexin-V-propidium iodide (PI) cell staining in PC3 and MSC cells and analyzed the results using FACS (Figure [3](#fig3){ref-type="fig"}B). As controls, etoposide treated cells were used as early apoptosis population and H~2~O~2~ treated cells were marked as late apoptotic or necrotic population (Figure S18 in the [Supporting Information](#notes-1){ref-type="notes"}). MSC cells did not undergo apoptosis with Mito-DCA (50 μM), TPP-DCA (150 μM), and Na-DCA (150 μM) treatment for 12 h at 37 °C. However, at a low concentration of Mito-DCA (50 μM), complete early apoptosis was observed in PC3 cells; TPP-DCA showed similar behavior at 150 μM, and no apoptosis was detected with Na-DCA at a concentration of 150 μM. There were no late apoptotic or necrotic populations observed with these compounds.

Selective Alteration of Cancer Cell Glucose Metabolism by Mito-DCA {#sec2.4}
------------------------------------------------------------------

Cytosolic metabolism of glucose to pyruvate occurs before its entry into the mitochondria for OXPHOS. Glycolysis in the absence of OXPHOS in cancer causes an increase in lactate. To test the ability of Mito-DCA to inhibit glycolysis in cancer cells, we measured intracellular lactate levels in glycolytic PC3 cells and in the media and compared these values with those observed in less glycolytic LNCaP cells and normal MSCs (Figure [4](#fig4){ref-type="fig"}, Figure S19 in the [Supporting Information](#notes-1){ref-type="notes"}). Mito-DCA decreased extracellular and intracellular lactate levels of PC3 cells in a dose-dependent manner (Figure [4](#fig4){ref-type="fig"}, Figure S19 in the [Supporting Information](#notes-1){ref-type="notes"}). A low Mito-DCA concentration of 10 μM and an incubation period of 3 h inhibited the extra- and intracellular lactate levels marginally (Figure S19A in the [Supporting Information](#notes-1){ref-type="notes"}). Intracellular lactate (*P* \< 0.0112) and extracellular lactate (*P* \< 0.0076) levels of PC3 cells were significantly decreased at this concentration of Mito-DCA compared with the control cells. In contrast, TPP-DCA and Na-DCA at a low concentration of 30 μM and an incubation period of 3 h did not exhibit any changes in the intracellular and extracellular lactate levels (Figure S19A in the [Supporting Information](#notes-1){ref-type="notes"}). The targeted carrier TPP-Tris-(OH)~3~ under these conditions did not alter the lactate levels in the treated PC3 cells (Figure S19A in the [Supporting Information](#notes-1){ref-type="notes"}). Treatment of PC3 cells with 50 μM Mito-DCA for 6 h showed significant reduction in lactate levels both in the cells and in the media (Figure [4](#fig4){ref-type="fig"}). Cells treated with the control delivery scaffold TPP-Tris-(OH)~3~ did not show any effect. PC3 cells treated with 150 μM of Na-DCA showed no effect. TPP-DCA showed less efficiency in reducing both cellular lactate levels and in the media (Figure [4](#fig4){ref-type="fig"}). Lactate levels in the less glycolytic LNCaP cells were significantly lower than those observed in PC3 cells. Pronounced lactate concentration differences were observed between healthy glycolytic PC3 and healthy MSC cells (Figure S19B in the [Supporting Information](#notes-1){ref-type="notes"}). The extent of relative decrease in glycolytic activity after treatment with Mito-DCA was similar in PC3 and LNCaP cells, and the reduction was much more significant compared to cells treated with TPP-DCA or Na-DCA (Figure S19B in the [Supporting Information](#notes-1){ref-type="notes"}). None of the DCA compounds showed any effect on the lactate levels of MSC cells (Figure S19B in the [Supporting Information](#notes-1){ref-type="notes"}). These observations suggested that Mito-DCA is efficient in inhibiting glycolysis only in cancer cells.

![Lactate levels in PC3 cells (left) and media (middle) after treatment with 150 μM Na-DCA, 150 μM TPP-DCA, and 50 μM Mito-DCA for 6 h at 37 °C. Changes in intracellular ATP content (right) associated with the lactate fluctuation in the PC3 cells after treatment with 60 μM Na-DCA, 60 μM TPP-DCA, and 20 μM Mito-DCA for 3 h at 37 °C.](cb-2013-00944y_0005){#fig4}

A decrease in cancer cell lactate levels is expected to be associated with an increase in ATP production. We next measured the intracellular ATP levels in PC3, LNCaP, and MSC cells treated with Mito-DCA (20 μM), TPP-DCA (60 μM), and Na-DCA (60 μM). After 3 h treatment with Mito-DCA, an increase in the intracellular ATP levels was observed in PC3 cells (Figure [4](#fig4){ref-type="fig"}). Treatment with TPP-Tris-(OH)~3~ or Na-DCA did not show any significant increase in the intracellular ATP levels. TPP-DCA at three times higher concentrations showed less enhancement in intracellular ATP levels compared to Mito-DCA. Similar trends were observed in LNCaP cells upon treatment with Mito-DCA, TPP-DCA, and Na-DCA (Figure S19C in the [Supporting Information](#notes-1){ref-type="notes"}). In contrast, normal MSC cells showed relatively high levels of ATP and upon treatment with all the three DCA compounds, there was marginal increase in the ATP levels (Figure S19C in the [Supporting Information](#notes-1){ref-type="notes"}). At high concentrations of the DCA compounds (Mito-DCA: 50 μM; TPP-DCA; 150 μM; and Na-DCA: 150 μM) with longer incubation time of 6 h, PC3 cells showed ATP reduction and cell growth inhibition (Figure S20 in the [Supporting Information](#notes-1){ref-type="notes"}).

Effects of Mito-DCA on Mitochondrial Bioenergetic Functions in PC3 Cells {#sec2.5}
------------------------------------------------------------------------

The selective ability of Mito-DCA in reducing lactate levels and early increase in intracellular ATP levels in cancer cells suggested that Mito-DCA has the potential in selectively altering the metabolism in cancer cells. To investigate this unique property of Mito-DCA in detail, we studied mitochondrial bioenergetics in PC3 cells using XF24 extracellular flux analyzer (Figure [5](#fig5){ref-type="fig"}). We examined the metabolic fluxes of both glycolysis and OXPHOS in PC3 cells. PC3 cells were treated with Mito-DCA (10 μM), TPP-DCA (30 μM), and Na-DCA (30 μM) for 4 h followed by washout and returned to fresh medium. As measures of glycolytic parameters, the changes in the extracellular acidification rate (ECAR) were monitored in response to the sequential administration of [d]{.smallcaps}-glucose, oligomycin, and 2-deoxy-[d]{.smallcaps}-glucose (2-DG) to assess glycolysis, maximal glycolytic capacity, and glycolytic reserve capacity, respectively (Figure [5](#fig5){ref-type="fig"}A). Immediately after injecting 10 mM glucose to the treated PC3 cells in a glucose-free medium, we observed an increase in the ECAR of control, Na-DCA, and TPP-DCA treated cells. In contrast, Mito-DCA treated cells did not show any increase in the ECAR (Figure [5](#fig5){ref-type="fig"}A). An inhibitor of mitochondrial ATP synthase, oligomycin, triggered a further change in lactic acid production as evident from ECAR levels in control, TPP-DCA, and Na-DCA treated cells, but no change was observed in Mito-DCA treated cells. Reduction of glycolysis flux by injecting the hexokinase inhibitor 2-DG into PC3 cells induced a rapid decline in the ECAR of control cells and those treated with either TPP-DCA or Na-DCA; however, Mito-DCA treated cells did not show any significant changes. These data documented greater inhibition of glycolysis and energetic collapse in PC3 cells treated with Mito-DCA.

![(A) Effect of Mito-DCA, TPP-DCA, and Na-DCA on PC3 cell glycolysis. PC3 cells were treated with 10 μM Mito-DCA, 30 μM TPP-DCA, or 30 μM Na-DCA for 4 h. ECAR following the addition of glucose represents glycolysis, ECAR following oligomycin shows maximum glycolytic capacity, and ECAR following treatment with 2-DG represents acidification associated with nonglycolytic activity. PC3 cells were subsequently treated with glucose, oligomycin, and 2-DG. (B) Effect of Mito-DCA on OCR of PC3 cells. PC3 cells were treated with 10 μM Mito-DCA for 3 h, 10 μM Mito-DCA for 6 h, or 20 μM Mito-DCA for 3 h. OCR traces were determined using a Seahorse mito stress kit and Seahorse XF24 analyzer. OCR prior to the addition of oligomycin and following the treatment of FCCP represent the basal mitochondrial respiration and maximal mitochondrial respiration capacity, respectively. OCR following rotenone plus antimycin A treatment represents non-mitochondrial respiration. (C) A comparison of the effects of Mito-DCA, TPP-DCA, and Na-DCA on OCR of PC3 cells. PC3 cells were treated with 10 μM Mito-DCA, 30 μM TPP-DCA, or 30 μM Na-DCA for 4 h.](cb-2013-00944y_0006){#fig5}

We next investigated basal respiration, coupling efficiency, and spare respiratory capacity in response to DCA compounds using a XF24 mito stress assay kit (Figure [5](#fig5){ref-type="fig"}B and C). To determine whether the above-described lost glycolysis in the presence of Mito-DCA in cancer cells also affected mitochondrial respiration, we measured oxygen consumption rates (OCRs) in PC3 cells as a way of assessing OXPHOS. The basal OCR levels of PC3 cells treated with 10 μM Mito-DCA for 3 h did not show any significant changes (Figure [5](#fig5){ref-type="fig"}B). When the incubation period was extended to 6 h, the basal OCR levels were less than control in these cells, indicating a loss in total mitochondrial mass (Figure [5](#fig5){ref-type="fig"}B). To capture the window where appropriate Mito-DCA concentration and suitable incubation period will show metabolic switching from glycolysis to glucose oxidation, we treated PC3 cells with 20 μM Mito-DCA for 3 h. Under these conditions, an increase in basal OCR levels was observed indicating that the cells are using glucose oxidation and consuming more oxygen (Figure [5](#fig5){ref-type="fig"}B). Subsequent addition of oligomycin showed that the levels of ATP-linked respiration were attenuated in control cells or cells treated with Mito-DCA. To determine the maximal respiratory capacity, the mitochondrial uncoupler FCCP was injected into the media. The stimulation of mitochondrial respiration with FCCP after oligomycin was substantially greater in the presence of 20 μM Mito-DCA compared to the control. Injection of a combination of mitochondrial complex III inhibitor antimycin A and the mitochondrial complex I inhibitor rotenone significantly inhibited respiration in both Mito-DCA treated and control cells (Figure [5](#fig5){ref-type="fig"}B). A comparative study of effects of Mito-DCA (10 μM, 4 h), TPP-DCA (30 μM, 4 h), and Na-DCA (30 μM, 4 h) on the OCR levels of PC3 cells showed that the OCR of Mito-DCA treated cells was less than cells treated with TPP-DCA or Na-DCA (Figure [5](#fig5){ref-type="fig"}C). This metabolic programming of cancer cells by Mito-DCA accompanied by reduction of glycolytic activity, increase in OXPHOS, and finally overall mitochondrial mass loss indicated that mitochondria are the primary target of Mito-DCA.

Cancer Cell Lactate Reduction by Mito-DCA Results in Antitumor Immunity {#sec2.6}
-----------------------------------------------------------------------

Cancer cells recruit multiple pathways to evade elimination by the immune system.^[@ref32]^ DCs, the major players for the initiation of a specific antitumor T-cell response, are the potential target for tumor-mediated immunosuppression.^[@ref33]−[@ref35]^ Lactic acid secretion in highly proliferative glycolytic tumors induces alteration in antigen phenotype and functional activity of DCs, which contributes to the suppression of local immunity.^[@ref18]^ After observing significant and selective lactate reduction in PCa cells by Mito-DCA, we investigated the impact of the reduced lactate producing PC3 cell antigens on DCs. Cancer cell supernatants were generated by treating PC3 cells with Mito-DCA (50 μM), Na-DCA (150 μM), and TPP-DCA (150 μM) for 24 h. First, we looked at the immune responses from the PC3 supernatants upon treatment with different DCA compounds by determining pro-inflammatory and anti-inflammatory cytokines interleukin (IL)-2, IL-4, IL-6, IL-10, IL-12, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) using enzyme-linked immunosorbent assay (ELISA) (Figure [6](#fig6){ref-type="fig"}A).^[@ref36]^ Treatment of PC3 cells with DCA compounds resulted in up-regulation of IL-6, IL-10, and TNF-α. The levels of all these three cytokines were higher for Mito-DCA treated cells compared to those treated with TPP-DCA or Na-DCA. When DCs are activated appropriately, they take up tumor antigens and apoptotic bodies and initiate a series of actions for the selection of antigen-specific T cells and the release of cytokines such as IFN-γ and IL-12. We therefore added the PC3 supernatants containing the tumor antigens to mouse bone marrow derived DCs (BMDCs), and activation was studied using ELISA.^[@ref36]^ We observed that the BMDCs activated with cancer cell antigens generated from Mito-DCA showed significantly increased secretion of IL-12 (Figure [6](#fig6){ref-type="fig"}B). TPP-DCA mediated increase in IL-12 from BMDCs was lesser compared to Mito-DCA. Supernatants generated from Na-DCA treatment did not show any increase in IL-12 levels. An enhanced IL-12 secretion by Mito-DCA treated tumor supernatant increases the potential of enhancing natural killer cell and cytotoxic T lymphocyte activities. Acidification by lactic acid results in the suppression of TNF-α secretion by human monocytes and mouse macrophage.^[@ref37]^ Our data showed that the cancer cell supernatant generated from the DCA compounds treatment stimulated BMDCs to secret TNF-α, and the highest level of this cytokine was observed from the supernatant that was generated from Mito-DCA due to efficient glycolysis inhibition. These results support that Mito-DCA would be a better agent for improvement of antitumor immunity compared to the parent drug DCA.

![Lactate reduction by Mito-DCA stimulates antitumor immunity. (A) Cytokine production by PC3 cells on treatment with Mito-DCA, TPP-DCA, and Na-DCA for 24 h. (B) BMDCs activated with supernatants from PC3 cells treated with Mito-DCA, TPP-DCA, and Na-DCA show different cytokine secretion profile from the cancer cell supernatants. All data are expressed as mean ± SD (standard deviation). A one-way ANOVA with a post-hoc Tukey test was used to identify significant differences among the groups. ns: non significant.](cb-2013-00944y_0007){#fig6}

Conclusion {#sec3}
----------

In summary, the ability of Mito-DCA to alter metabolism of PCa cells suggested enormous potential and warrants further investigation. TPP-based ligands represent an important class of nonpeptidic mitochondrial targeting agents; however, prior to this work this approach was never used for DCA intracellular compartmentalization. The molecular scaffold used in Mito-DCA provides opportunities to incorporate more copies of DCA keeping a single TPP targeting moiety. The lack of sensitivity of noncancerous MSC cells to the pharmacologically relevant concentrations of Mito-DCA and three-orders of enhanced potency compared to DCA in cancer cells suggested that Mito-DCA has the potential to be nontoxic in normal tissue and highly efficacious in cancer cells. Mito-DCA showed reduced glycolytic functions, reduced basal cellular respiration, suppressed the calculated ATP synthesis, and attenuated the spare respiratory capacity in PCa cells. The effect of Mito-DCA treatments on glycolysis flux reflected its ability to reduce lactic acid production in cancer cells and simultaneously inhibit both OXPHOS and glycolysis. Effective lactate reduction in tumor cells by precise targeting of DCA to the mitochondria of cells in the form of Mito-DCA not only can change the tumor cell glycolysis efficiently but also has the potential to alter the immunosuppressive environment modulated by lactic acid. These data suggest that targeting DCA to the mitochondria can stimulate cancer cell metabolism in unique ways, which can create new strategies for DCA therapy.

Methods {#sec4}
=======

Materials and Instrumentations {#sec4.1}
------------------------------

A detailed description of materials and instruments is available in the [Supporting Information](#notes-1){ref-type="notes"}.

Animals {#sec4.2}
-------

Animals were obtained from Jackson Laboratory and handled in accordance with ″The Guide for the Care and Use of Laboratory Animals″ of the American Association for Accreditation of Laboratory Animal Care (AAALAC), Animal Welfare Act (AWA), and other applicable federal and state guidelines. All animal work presented here was approved by Institutional Animal Care and Use Committee (IACUC) of University of Georgia.

Cell Line and Cell Culture {#sec4.3}
--------------------------

Human PCa LNCaP, PC3, and DU145 cells were procured from the American type culture collection (ATCC). Human bone marrow derived MSCs were purchased from Lonza. DU145 cells were grown at 37 °C in 5% CO~2~ in Eagle's minimum essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. LNCaP and PC3 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium. Human MSCs were grown in mesenchymal stem cell basal medium supplemented with 2% FBS, 1% penicillin/streptomycin, recombinant human fibroblast growth factor-basic (5 ng/mL), recombinant human fibroblast growth factor-acidic (5 ng/mL), and recombinant human epithelial growth factor (5 ng/mL). Cells were passed every 3--4 days and restarted from frozen stocks upon reaching pass number 20 for PC3, LNCaP, DU145, and 10 for MSC.

Synthesis of TPP-(CH~2~)~5~-COOH {#sec4.4}
--------------------------------

Detailed synthetic method to TPP-(CH~2~)~5~-COOH and its characterizations can be found in the [Supporting Information](#notes-1){ref-type="notes"} and [Figures S1--S2](#notes-1){ref-type="notes"}.

Synthesis of TPP-Tris-(OH)~3~ {#sec4.5}
-----------------------------

Synthesis of TPP-Tris-(OH)~3~ and its characterizations can be found in the [Supporting Information](#notes-1){ref-type="notes"} and [Figures S3--S4](#notes-1){ref-type="notes"}.

Synthesis of Mito-DCA {#sec4.6}
---------------------

A solution of TPP-Tris-(OH)~3~ (0.5 g, 0.9 mmol) in CH~2~Cl~2~ (10 mL) was prepared in a round-bottom flask equipped with nitrogen flow. DCA anhydride (2.13 g, 8.9 mmol) was added dropwise to the solution. The reaction was stirred overnight at RT, and the completion of the reaction was confirmed by thin layer chromatography (TLC) using a mixture of CH~2~Cl~2~ (95%) and CH~3~OH (5%). The solvent was evaporated to dryness and Mito-DCA was purified using silica gel chromatography (CH~2~Cl~2~/CH~3~OH, 95:5). Yield: 35% (0.3 g). Mp: 80--85 °C. ^1^H NMR (CDCl~3~): 8.3 (broad s, 1H), 7.8--7.7 (m, 15H), 6.22 (s, 3H), 4.72 (s, 6H), 3.50 (t, 2H), 2.38 (t, 2H), 1.69 (m, 6H) ppm (Figure S5 in the [Supporting Information](#notes-1){ref-type="notes"}). ^13^C NMR (CDCl~3~): δ 175.2, 163.8, 135.2, 133.6, 130.6, 118.5, 64.6, 64.5, 57.9, 36.3, 29.5, 24.4, 22.8, 20.9 ppm (Figure S5 in the [Supporting Information](#notes-1){ref-type="notes"}). ^31^P NMR (CDCl~3~) 24.59 ppm (Figure S5 in the [Supporting Information](#notes-1){ref-type="notes"}). HRMS-ESI (*m*/*z*): \[M -- Br\]^+^ calcd for C~34~H~35~Cl~6~NO~7~P^+^ 810.0277, found, 810.0258 (Figure S6 in the [Supporting Information](#notes-1){ref-type="notes"}). Single crystals suitable for X-ray analysis were grown in CH~2~Cl~2~ and diethyl ether mixture (Figure [1](#fig1){ref-type="fig"}, Figure S7, Tables S1 and S2 in the [Supporting Information](#notes-1){ref-type="notes"}). Purity of Mito-DCA was checked using a high-performance liquid chromatography (HPLC) study (Figure S8 in the [Supporting Information](#notes-1){ref-type="notes"}).

Synthesis of TPP-(CH~2~)~3~-OH {#sec4.7}
------------------------------

Synthesis of TPP-(CH~2~)~3~-OH and its characterizations can be found in the [Supporting Information](#notes-1){ref-type="notes"} and [Figures S9--S10](#notes-1){ref-type="notes"}.

Synthesis of TPP-DCA {#sec4.8}
--------------------

A solution of TPP-(CH~2~)~3~-OH (0.25 g, 0.623 mmol) in CH~2~Cl~2~ (15 mL) was prepared in a round-bottom flask equipped with nitrogen flow. DCA anhydride (0.45 g, 1.86 mmol) was added dropwise to the solution. The reaction was stirred overnight at RT, and completion of the reaction was confirmed by TLC (CH~2~Cl~2~/CH~3~OH, 90:10). The solvent was evaporated to dryness to get a pasty mass, which was further purified using silica gel chromatography (CH~2~Cl~2~/CH~3~OH, 90:10). Yield: 48% (0.15 g). Mp: 75--80 °C. ^1^H NMR (CDCl~3~): 7.68--7.89 (m, 15H), 6.17 (s, 1H), 4.64 (broad t, 2H), 4.13 (broad t, 2H), 2.06 (broad, 2 H) ppm (Figure S11 in the [Supporting Information](#notes-1){ref-type="notes"}). ^13^C NMR (CDCl~3~): δ 164.27, 135.17, 133.76, 130.49, 118.27, 66.05, 64.54, 30.90, 22.16 ppm (Figure S11 in the [Supporting Information](#notes-1){ref-type="notes"}). ^31^P (CDCl~3~) NMR: 25.01 ppm (Figure S11 in the [Supporting Information](#notes-1){ref-type="notes"}). HRMS-ESI (*m*/*z*): \[M -- Br\]^+^ calcd for C~23~H~22~Cl~2~O~2~P^+^ 431.0729, found, 431.0687 (Figure S12 in the [Supporting Information](#notes-1){ref-type="notes"}). Purity of TPP-DCA was checked by performing a HPLC study (Figure S8 in the [Supporting Information](#notes-1){ref-type="notes"}).

Single-Crystal X-ray Diffraction {#sec4.9}
--------------------------------

Detailed descriptions of X-ray diffraction data of Mito-DCA can be found in the [Supporting Information](#notes-1){ref-type="notes"}. Crystal structure data for Mito-DCA can be accessed from the Cambridge Crystallographic Data Centre (CCDC; [www.ccdc.cam.ac.uk](www.ccdc.cam.ac.uk)) with accession number CCDC 940383.

JC1, TMRM, MTT, and Annexin V Assays {#sec4.10}
------------------------------------

Detailed descriptions^[@ref8],[@ref38]^ of these studies can be found in the [Supporting Information](#notes-1){ref-type="notes"}.

Lactate Determination and ATP Quantification {#sec4.11}
--------------------------------------------

Experimental details of these studies can be found in the [Supporting Information](#notes-1){ref-type="notes"}.

Seahorse XF24 Bioenergetics Assays {#sec4.12}
----------------------------------

The three key parameters of glycolytic function, glycolysis, glycolytic capacity, and glycolytic reserve, were assessed using a Seahorse XF glycolysis stress kit in PC3 cells. Different parameters of respiration, i.e., basal respiration, coupling efficiency, and spare respiratory capacity, were investigated in PC3 cells using Seahorse XF-24 cell Mito Stress Test Kit. Detailed experimental details of these bioenergetics assays can be found in the [Supporting Information](#notes-1){ref-type="notes"}.

Generation of BMDCs and Antitumor Immunity Study by ELISA {#sec4.13}
---------------------------------------------------------

Experimental details of isolation of BMDCs from 6 to 8 weeks old C57BL/6 mice and cytokine secretion from DCs upon stimulation with cancer cell antigens derived from treatment of PC3 cells with Na-DCA, TPP-DCA, and Mito-DCA can be found in the [Supporting Information](#notes-1){ref-type="notes"}.

Statistics {#sec4.14}
----------

All data were expressed as mean ± standard deviation. Statistical analysis were performed using GraphPad Prism software v. 5.00. Comparisons between two values were performed using an unpaired Student *t* test. A one-way ANOVA with a post-hoc Tukey test was used to identify significant differences among the groups.

Supporting Information containing additional methods, figures, and tables. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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